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Based on the fundamental Bogolyubov chain of equations, a model relating the structural and
thermophysical properties of the nonequilibrium liquid systems under irradiation in stationary state
is introduced. The obtained results suggest that the thermophysical properties of the liquid sys-
tems under irradiation are defined by the “effective temperature” that can be calculated from the
perturbed momentum distribution functions of the systems. It is shown that the structural changes
in the liquid systems under irradiation are caused by the changes in the coefficients of the Maxwell
distribution function due to the momentum exchange between the active particles and the particles
forming the liquid. To confirm the theoretical predictions, a qualitative comparison of the model
with the existing experimental data on irradiation influence on the surface tension coefficients of
liquids is performed.
PACS numbers: 05.70.-a 05.20.-y 61.20.-p 61.80.Az
I. INTRODUCTION.
Over the past few decades numerous studies of the in-
fluence of irradiation on different physical systems have
appeared in the literature [1–5]. In most of the papers
devoted to the physical mechanisms involved in the in-
teraction the solid state is concerned [6–9], but only few
of them are devoted to studies of the physical mecha-
nisms the irradiation affects the liquid matter. This is
surprising since understanding the physical mechanisms
of the interaction of irradiation with the liquid matter
is important both from theoretical point of view and for
various applications, namely in medicine, nuclear engi-
neering (molten salt reactors), etc. Contemporary mod-
els of irradiation influence on the soft matter [10] suggest
that the absorbed radiation energy ionizes atoms and
molecules. Thus, irradiation leads to the destruction of
the bonds and formation of the unstable active ions and
radicals. Consequently, those radiolysis products define
the redox potential of the system and form unstable sub-
structures (tracks), changing the instant structure of the
liquid [11]. When the system is exposed to irradiation
during long enough time, the concentration of radioly-
sis products reaches some stationary level and the sys-
tem comes to a nonequilibrium stationary state. As an
example of such a system one can mention the water
solution of RaCl2. In that case dissociated Ra ions irra-
diate α−, β− and γ particles, bringing the system into
a nonequilibrium stationary state. Another example is
a chemical nuclear reaction in the homogenous system
with uniformly distributed active particles.
It is evident that such structural changes should cause
changes of the thermodynamic properties of the liquid
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system. Among theses one can mention both the proper-
ties related to the permanent structure of the liquid (such
as surface tension or viscosity) and to the instant struc-
ture (such as electroconductivity) [12–15]. Within the
formalism of the nonequilibrium thermodynamics, such
changes may be explained by entropy production in re-
laxation processes (e.g., structural relaxation) occurring
in the system to compensate the negative entropy intro-
duced by active particles [16–20]. Therefore, it might
be interesting to study the structural changes in the liq-
uid matter under irradiation, as well as the origin of the
relaxation processes and their influence on the dynamic
values of the thermodynamic parameters.
The complexity of the experiments that may provide
reliable information regarding structural changes and
changes of the corresponding thermodynamic properties
of the liquid systems under irradiation should be also
mentioned. It results in a situation where, in spite of the
large number of papers describing the consequences of the
liquids exposure to radiation [21] and the existing chemi-
cal models of the process (e.g., radiolysis [3, 22, 23]), the
physical nature of the behavior of the liquid under irradi-
ation is still uncertain. It should be also mentioned that
we still lack a general model to quantify the radiation
effects in liquids.
The aim of this work is to use the fundamental laws
of the nonequilibrium statistical thermodynamics in the
studies of the physical mechanisms responsible for the
changes in the structural and thermodynamic properties
of the liquid systems under irradiation.
II. THEORETICAL MODEL.
Here we treat the influence of irradiation on the liquid
system as momentum transfer between active particles
2and those forming the liquid. Therefore, we assume that
the main mechanism causing the changes in the struc-
tural and thermodynamic properties of the liquid systems
under irradiation is the deviation of the velocity distri-
bution function from the Maxwell distribution, typical of
the equilibrium state [21]. Hence, the coefficients A and
φ in the exponential Maxwell distribution
f(p) = Aexp(−φp2) (1)
under the irradiation should differ from those obtained
from the equation of state in the equilibrium state.
To justify the suggested approach, we note that there
exists a number of papers devoted to studies of the
properties of the nonequilibrium systems based on the
nonequilibrium potential method, the dynamic pair cor-
relation function [24, 25] or different expansions of
the momentum distribution functions about the local
Maxwellian distributions [26]. Among them are studies
of the behavior of a gas undergoing a plane Couette flow.
In that case the well known expansion functions are used
to modify the Maxwell distribution that are Sonine poly-
nomials. Another example is the study of the chemically
reacting gas that require corrections to the Maxwellian
distribution [27]. Such a system has much in common
with the liquid system under irradiation as in the radi-
olysis process in liquids there appear a large number of
interacting particles [3]. Deviations from the standard
Maxwellian distribution are also intensively studied in
the nuclear astrophysics community as they are impor-
tant in the description of the nuclear reactions that occur
in stars [28, 29]. When discussing deviations from the
Maxwellian distribution in the stationary states one can
also mention the power-law velocity distribution in gran-
ular gases [30, 31] as well as the non-Maxwell velocity
distributions observed in liquids in the stationary state
in an external field [32–36]. Some of the above problems
seem to have much in common with the problem of the
liquid systems exposure to irradiation. Therefore, the
idea to study the influence of the changes in the velocity
distribution function of the liquid systems under irradi-
ation on their structural and thermodynamic properties
seems to be attractive.
To describe the structural changes in the liquid sys-
tem under irradiation we suggest to use the fundamental
Bogolyubov chain of equations [37, 38]:
∂Fn(r1, r2, ..., rn,p1,p2, ...,pn, t)
∂t
= [H(n), Fn(r1, r2, ..., rn,p1,p2, ...,pn, t)]
+ ρ
n∑
i=1
∫
∂Φ(|ri − rn+1|)
∂ri
×
∂Fn+1(r1, r2, ..., rn+1,p1,p2, ...,pn+1, t)
∂pi
drn+1dpn+1, (2)
where H(n) is the Hamiltonian of the closed n-particle
system; Fn(r1, r2, ..., rn,p1,p2, ...,pn, t) ⁀is the nonequi-
librium n-th order distribution function depending on
space coordinates r1, r2, ..., rn, momentum p1,p2, ...,pn
and time t; Φ(|ri − rn+1|) ⁀is the potential of interaction
between i-th and (n + 1)-th particles; ρ = N
V
⁀is the nu-
merical density.
From Eq. (2), under the condition of thermodynamic
equilibrium a well known equation for the equilibrium
pair distribution function F2(r,p, t) can be easily ob-
tained, that, in turn, allows us to calculate the equilib-
rium thermodynamic properties of the system.
At this point, it should be noted that the interaction
of irradiation and high energy particles, in particular
with the liquid matter, involves abrupt changes in the
particles velocity. It means that the phase volume is not
conserved, making impossible the use of Hamiltonian
mechanics to describe the process and, therefore, the
use of the Bogolyubov chain of equations is unjustified.
In the present work we do not dwell in the extremely
complicated evolution of the system from the strongly
nonequilibrium state (right after the beginning of the
irradiation) toward the stationary nonequilibrium, when
the system passes a number of different intermediate
states characterized by different sets of relaxation
times. In the general case, after perturbation, the
system moves toward an equilibrium state. In our
case, constant irradiation does not allow the system
to evolve to this state but rather moves it to some
stationary nonequilibrium state. Following the ideas of
Bogolyubov [39], we assume that, after some period of
time, sufficient for a few collisions, chaotization of the
particles movement is observed. Thereupon, a kind of
equilibrium can be observed in the velocity distribution,
and the evolution of the system is governed by changes
of the macroscopic parameters and external factors.
Therefore, our model is applicable for the systems when
the state of the system is defined not by the path used to
reach it but rather by the macroscopic parameters and
the principal of the minimum entropy production with
fixed external parameters that do not allow the system
to come to equilibrium [17, 40, 41]. Then it is legitimate
to use Eq. 2 with Fn(r1, r2, ..., rn,p1,p2, ...,pn, t) =
Fn(r1, r2, ..., rn,p1,p2, ...,pn, ρ(t), T (t), Ext(t)), where
the dependence on time is included in the macroscopic
parameters such as density ρ(t), temperature T (t), and
external influence Ext(t).
For a homogeneous system in the stationary state, a
3function F2(r,p, t) can be taken as the factor [11] of
the spacial part g2(r) and the momentum part f2(p)
(F2(r,p, t) = f2(p)g2(r)). In the equilibrium case, when
f2(p) is the Maxwellian function, the problem becomes
trivial. Therefore, it is interesting to study the case of a
non-Maxwellian f2(p), typical of the nonequilibrium sta-
tionary systems, that can be found in the liquid systems
under irradiation.
To describe the structure and the thermophysical prop-
erties of the system, it is sufficient to know the time-
independent pair distribution function g2(r1, r2) with
r1, r2 giving the positions of the centers of the molecules.
Therefore, for the vast majority of the applications, one
can cut the chain of Eq. (2) at the second equation.
There exist quite a number of approaches to find the
pair distribution function. Among them are experimen-
tal, theoretical, and computer simulation methods. At
the same time, most of them are applicable only in the
equilibrium case and, therefore, are not suitable for the
case of the liquid matter under irradiation when the sys-
tem is in the nonequilibrium stationary state. Our objec-
tive here is calculation of the pair distribution function
g2(r1, r2) for a nonequilibrium stationary state. Accord-
ing to our assumption that state is characterized by the
deformed distribution function in the momentum space
due to irradiation.
A. Single-component system
In order to develop a clear physical picture of the
phenomena, in this paper a detailed analysis for the
single-component liquid system under irradiation is pre-
sented. For the single-component system in the station-
ary nonequilibrium state characterized by the minimal
entropy production with fixed macroscopic parameters
(T = const, ρ = const) and constant irradiation rate
Ext = const one obtains ∂Fn(r1,r2,p1,p2,ρ,T,Ext)
∂t
= 0.
Then, the second equation of the Bogolyubov chain (2)
reads:
p1
m
∂F2(r1, r2,p1,p2)
∂r1
)+
p2
m
∂F2(r1, r2,p1,p2)
∂r2
−
∂Φ(|r1 − r2|)
∂r1
∂F2(r1, r2,p1,p2)
∂p1
−
∂Φ(|r1 − r2|)
∂r2
∂F2(r1, r2,p1,p2)
∂p2
= ρ
∫ (
∂Φ(|r1 − r3|)
∂r1
∂F3(r1, r2, r3,p1,p2,p3)
∂p1
+
∂Φ(|r2 − r3|)
∂r2
∂F3(r1, r2, r3,p1,p2,p3)
∂p2
)
dr3dp3, (3)
Separating the variables in Eq. (3) and accounting for F2(r,p) = g2(r)f2(p), it is possible to write two equations:
(
∂Φ(|r1 − r2|)
∂r1
∂f2(p1,p2)
∂p1
g2(r1, r2)−
p1
m
∂g2(r1, r2)
∂r1
f2(p1,p2)
)
+ ρ
∫
∂Φ(|r1 − r3|)
∂r1
∂f3(p1,p2,p3)
∂p1
× g3(r1, r2, r3)dr3dp3 = 0, (4)
(
∂Φ(|r1 − r2|)
∂r2
∂f2(p1,p2)
∂p2
g2(r1, r2)−
p2
m
∂g2(r1, r2)
∂r2
f2(p1,p2)
)
+ ρ
∫
∂Φ(|r2 − r3|)
∂r2
∂f3(p1,p2,p3)
∂p2
× g3(r1, r2, r3)dr3dp3 = 0. (5)
Integration of one of Eqs. (4) and (5) with respect
to p1 and p2 and accounting for
∫
dp3f3(p1,p2,p3) =
f2(p1,p2) gives the modified Bogoliubov – Born – Green
– Kirkwood – Yvon (BBGKY) equation for the nonequi-
librium stationary case
−
∂g2(r1, r2)
∂r1
∫
p1
m
f2(p1,p2)∂p1∂p2 +
∂Φ(|r1 − r2|)
∂r1
g2(r1, r2)
∫
∂f2(p1,p2)
∂p1
∂p1∂p2
+ ρ
∫
∂Φ(|r1 − r3|)
∂r1
g3(r1, r2, r3)dr3
∫
∂f2(p1,p2)
∂p1
∂p1∂p2 = 0, (6)
that, when divided by
∫
∂f2(p1,p2)
∂p1
∂p1∂p2 6= 0 gives
kTeff
∂g2(r1, r2)
∂r1
+
∂Φ(|r1 − r2|)
∂r1
g2(r1, r2) + ρ
∫
∂Φ(|r1 − r3|)
∂r1
g3(r1, r2, r3)dr3 = 0, (7)
4with
kTeff
∫
∂f2(p1,p2)
∂p1
dp1dp2 = −
∫
p1
m
f2(p1,p2)dp1dp2. (8)
At this point, a new characteristic of the nonequilibrium
system in the stationary state can be introduced. Equa-
tion (8) defines the effective temperature kTeff that, in
the general case, differs from the real temperature of the
system. It is equal to the temperature of the correspond-
ing equilibrium system with the thermodynamic proper-
ties equal to those of the nonequilibrium system under
study.
In the particular case when the distribution functions
f2(p1,p2) and f3(p1,p2,p3) become even, the uncer-
tainty 00 appears in Eq. (8). Such a situation can be
observed in the case of uniformly distributed sources of
irradiation in the liquid. To eliminate the uncertainty, let
us take the momentum distribution function as a factor
f2(p1,p2) = f1(p1)f1(p2) and integrate Eq. (8) with
respect to p2
kTeff
∂f1(p1)
∂p1
= −
p1
m
f1(p1), (9)
where f1(p1) is an even function of p1. In this case,
one may take f1(p1) = ψ(p
2) and ∂f1(p1)
∂p1
= 2pψ′(p2).
Integration of Eq. (9) with respect to p1 gives
kTeff = −
1
2m
∫
dp1ψ(p
2
1)∫
dp1ψ′(p21)
= −
(
2m
∫
dp1ψ
′(p21)
)−1
.
(10)
It can be easily seen that when f1(p1) corresponds to
a Maxwellian distribution
(
f(p) = 1√
2pimkBT
e
− p2
2mkBT
)
,
the effective temperature is equal to the real thermody-
namic temperature of the system.
Equation (10) is obtained from the second equation of
the Bogolyubov chain (Eq. 2), defining the pair distribu-
tion function. For the majority of systems, this should be
sufficient to describe structural changes in the liquid sys-
tems, and the result should be the same even when con-
sidering higher order distribution functions. As a check,
we have performed the same analysis for the triple distri-
bution function. The third equation of the Bogolyubov
chain of equations reads:
∂F3 (r1, r2, r3,p1,p2,p3, t)
∂t
=
[(
p21
2m +
p22
2m +
p23
2m
+Φ(|r1 − r2|) + Φ (|r1 − r3|) + Φ (|r2 − r3|)
)
, F3 (r1, r2, r3,p1,p2,p3, t)
]
+ ρ
n∑
i=1
∫
[Φ (|r1 − r2|) + Φ (|r1 − r3|) + Φ (|r2 − r3|) , F4 (r1, r2, r3, r4,p1,p2,p3,p4, t)]dr4dp4, (11)
where Φ (|r1 − r2|) ,Φ (|r1 − r3|) ,Φ (|r2 − r3|) are the in-
teraction potentials, and F3 (r1, r2, r3,p1,p2,p3, t) and
F4 (r1, r2, r3, r4,p1,p2,p3,p4, t) are nonequilibrium dis-
tribution functions of the third and fourth order respec-
tively.
Opening Poisson brackets in Eq. (11) with
the nonequilibrium distribution function of the third
order being a factor F3 (r1, r2, r3,p1,p2,p3, t) =
g3 (r1, r2, r3) f3 (p1,p2,p3) for the stationary nonequilib-
rium state (∂F3(r1,r2,r3,p1,p2,p3,t)
∂t
= 0), one gets
(
∂Φ (|r1 − r2|)
∂r1
+
∂Φ (|r1 − r3|)
∂r1
)
∂f3 (p1,p2,p3)
∂p1
g3 (r1, r2, r3)−
p1
m
f3 (p1,p2,p3)
∂g3 (r1, r2, r3)
∂r1
+
(
∂Φ (|r1 − r2|)
∂r2
+
∂Φ (|r2 − r3|)
∂r2
)
∂f3 (p1,p2,p3)
∂p2
g3 (r1, r2, r3)−
p2
m
f3 (p1,p2,p3)
∂g3 (r1, r2, r3)
∂r2
+
(
∂Φ (|r1 − r3|)
∂r3
+
∂Φ (|r2 − r3|)
∂r3
)
∂f3 (p1,p2,p3)
∂p3
g3 (r1, r2, r3)−
p3
m
f3 (p1,p2,p3)
∂g3 (r1, r2, r3)
∂r3
+ ρ
∫ 
∂Φ(|r1−r4|)
∂r1
∂f4(p1,p2,p3,p4)
∂p1
g4 (r1, r2, r3, r4)
+∂Φ(|r2−r4|)
∂r2
∂f4(p1,p2,p3,p4)
∂p2
g4 (r1, r2, r3, r4)
+∂Φ(|r3−r4|)
∂r3
∂f4(p1,p2,p3,p4)
∂p3
g4 (r1, r2, r3, r4)

dr4dp4 = 0. (12)
5Similarly to the case of the pair distribution functions [Eqs. (4) and (5)] from Eq. (12), it is possible to write three
equations for independent coordinates of the form
(
∂Φ (|r1 − r2|)
∂r1
+
∂Φ (|r1 − r3|)
∂r1
)
∂f3 (p1,p2,p3)
∂p1
g3 (r1, r2, r3)−
p1
m
f3 (p1,p2,p3)
∂g3 (r1, r2, r3)
∂r1
+ ρ
∫ (
∂Φ (|r1 − r4|)
∂r1
∂f4 (p1,p2,p3,p4)
∂p1
g4 (r1, r2, r3, r4)
)
dr4dp4 = 0. (13)
Integration of Eq. (13) or of one of the other two equations of that type with respect to p1, p2, and p3, gives the
modified equation of the Bogolyubov chain of equations for the nonequilibrium stationary state:
(
∂Φ (|r1 − r2|)
∂r1
+
∂Φ (|r1 − r3|)
∂r1
)
g3 (r1, r2, r3)
∫
∂f3 (p1,p2,p3)
∂p1
dp1dp2dp3
−
∂g3 (r1, r2, r3)
∂r1
∫
p1
m
f3 (p1,p2,p3)dp1dp2dp3
+ ρ
∫ (
∂Φ (|r1 − r4|)
∂r1
g4 (r1, r2, r3, r4) dr4
)∫
∂f3 (p1,p2,p3)
∂p1
dp1dp2dp3 = 0, (14)
that when divided by
∫
∂f3(p1,p2,p3)
∂p1
dp1dp2dp3 6= 0 gives
kTeff
∂g3 (r1, r2, r3)
∂r1
+
(
∂Φ (|r1 − r2|)
∂r1
+
∂Φ (|r1 − r3|)
∂r1
)
g3 (r1, r2, r3)+
+ ρ
∫ (
∂Φ (|r1 − r4|)
∂r1
g4 (r1, r2, r3, r4) dr4
)
= 0, (15)
with
−
∫
p1
m
f3 (p1,p2,p3)dp1dp2dp3∫
∂f3(p1,p2,p3)
∂p1
dp1dp2dp3
= kTeff . (16)
The obtained Eq. (16) has the same form as Eq. (8),
defining the effective temperature in the case of the sec-
ond order distribution function. In the particular case
of the even distribution functions, similarly to the previ-
ously described pair distribution function case the triple
momentum distribution functions in Eq. (16) can be fac-
torized as f3 (p1,p2,p3) = f1(p1)f1(p2)f1(p3). For this
case, by integrating Eq. (16) with respect to p2, p3 and
p1 for the effective temperature, one gets the equation
kTeff = −
∫
p1
m
f3 (p1,p2,p3)dp1dp2dp3∫ ∂f3(p1,p2,p3)
∂p1
dp1dp2dp3
= −
∫
p1
m
f1 (p1)dp1∫
∂f1(p1)
∂p1
dp1
(17)
which is of the same form as that for the case of binary
distribution function considered (Eq. (9)). Therefore,
for studying thermophysical properties of the liquid sys-
tems under irradiation it is sufficient to consider only
the second equation from the Bogolyubov chain. Unfor-
tunately, for the case of strongly interacting subsystems
when the interaction is dependent on the particles veloc-
ity the situation becomes more complicated and requires
the inclusion of distribution functions of higher orders.
B. General description
An analysis for the two-component liquid system under
irradiation can be found, e.g., in Ref. [42]. The results of
the analysis show that in a two-component system, three
different effective temperatures must exist:
−
∫ pli1
mli
f2
(
p
li
1 ,p
li
2
)
dpli1dp
li
2
∫ ∂f2(pli1 ,pli2 )
∂p
li
1
dpli1dp
li
2
= kT lilieff ,
−
∫ plj1
mlj
f2
(
p
lj
1 ,p
lj
2
)
dp
lj
1dp
lj
2
∫ ∂f2(plj1 ,plj2 )
∂p
lj
1
dp
lj
1dp
lj
2
= kT
ljlj
eff ,
−
∫ pli1
mli
f2
(
p
li
1 ,p
lj
2
)
dpli1dp
lj
2
∫ ∂f2(pli1 ,plj2 )
∂p
li
1
dpli1dp
lj
2
= kT
lilj
eff , (18)
where li and lj denote the types of particles and kT
lili
eff ,
kT
ljlj
eff and kT
lilj
eff = kT
ljli
eff are the effective temperatures
of the lili, ljlj , and lilj subsystems, respectively. Such
qualitative results have much in common with the situ-
ation well known in the statistical theory of relaxation
processes of the systems consisting of subsystems with
weak interaction [41]. In such systems, it is quite com-
mon to have different temperatures of the subsystems.
It can be easily seen from Eqs. (18) that for the case
6of an even distribution function, kT
lilj
eff vanishes and the
system is characterized by two effective temperatures.
The suggested approach can be naturally extended
to multicomponent systems. In the case of the
M−component system, one can write a set of Bo-
golyubov chains of equations for the s-th order distri-
bution functions as:
∂F l1...lMs
∂t
=




(
p
l1
1
)
2
2ml1
+ ...+
(
p
lM
s
)
2
2mlM
+Φl1l2
(∣∣∣rl11 − rl22
∣∣∣)+ ...+ΦlM−1lM (∣∣∣rlM−1s−1 − rlMs
∣∣∣)

 , F l1...lMs


+
M∑
k=1
ρk
∫ ∂Φl1k
(∣∣∣rl11 − rks+1
∣∣∣)
∂rl11
∂F
l1...lM ,k
s+1
∂pl11
+ ...+
∂ΦlMk
(∣∣rlMs − rks+1∣∣)
∂rlMs
∂F
l1...lM ,k
s+1
∂plMs

 drks+1dpks+1, (19)
with l1...lM denoting all possible types of components, F
l1...lM
s = F
l1...lM
s
(
r
l1
1 , ..., r
lM
s ,p
l1
1 , ...,p
lM
s , t
)
and F l1...lM ,ks+1 =
F l1...lMs
(
rl11 , ..., r
lM
s , r
k
s+1,p
l1
1 , ...,p
lM
s ,p
k
s+1, t
)
. If one cuts the Bogolyubov chain at the second equation, then for the
stationary nonequilibrium state it is possible to obtain the set of the equations for the binary distribution functions
in the form:
p
li
1
mli
∂F
lilj
2
∂rli1
+
p
lj
2
mlj
∂F
lilj
2
∂r
lj
2
−
∂F
lilj
2
∂pli1
∂Φlilj
(∣∣∣rli1 − rlj2
∣∣∣)
∂rli1
−
∂F
lilj
2
∂p
lj
2
∂Φlilj
(∣∣∣rli1 − rlj2
∣∣∣)
∂r
lj
2
=
M∑
k=1
ρk
∫ ∂Φlik
(∣∣∣rli1 − rk3
∣∣∣)
∂rli1
∂F
liljk
3
∂pli1
+
∂Φljk
(∣∣∣rlj2 − rk3
∣∣∣)
∂r
lj
2
∂F
liljk
3
∂p
lj
2

 drk3dpk3 (20)
with li, lj defining any possible type of the components.
All of these equations have forms similar to the case of a
single-component system (Eq. (3)). Skipping the math
that is similar to the single-component case, it is possible
to calculate the new characteristics of the system that are
effective temperatures:
kT
lilj
eff = −
∫ pli
1
mli
f2
(
p
l1
1 ,p
lj
2
)
dpli1 dp
lj
2
∫ ∂f2(pli1 ,plj2 )
∂p
li
1
dpli1 dp
lj
2
li, lj = 1...M (21)
It can be seen that, similarly to the two-component sys-
tem, kT
lilj
eff = kT
ljli
eff . The overall number of the effec-
tive temperatures in the general case is M + M !(M−2)! with
M ≥ 2 being the number of components.
III. RESULTS AND DISCUSSION.
One can conclude from Eqs. (7)-(10) that in order to
have a detailed description of a nonequilibrium liquid sys-
tem under irradiation in the stationary state, it is neces-
sary to know the distorted velocity distribution function
of the system. Our approach provides a link between
the structural and the thermodynamic properties of the
nonequilibrium system. Within the introduced model,
the knowledge of the coefficients A and φ of the modified
Maxwell distribution function allows one to calculate the
thermodynamic properties of the nonequilibrium station-
ary system under irradiation. Such properties should be
the same with the properties of the corresponding equi-
librium system with T = Teff .
In the model presented, the changes in the thermody-
namic parameters of the irradiated system depend on the
effective temperature, which in turn depends on the pa-
rameters A and φ of the modified Maxwell distribution
function. To quantify the changes of properties in the
system caused by the changes in the momentum distribu-
tion function, we have calculated effective temperatures
for a number of model systems. To do this we use the
classical Maxwell distribution function multiplied by the
modified orthogonal Hermite polynomial of the fourth
order,
F (p) =
1
A
1
2π
1
2
exp−
p2
A
(
q
A2
p4 +
d
2A
p2 + 1
)
, (22)
where A = 2mkBT and q and d are free parameters.
Such a choice seems to be reasonable as the orthogonal
Hermite polynomial are the well studied weighted orthog-
onal functions and the weighting coefficient can be taken
in the form of a Maxwell distribution exponent. This
7makes the model function easy to treat analytically pro-
viding physically meaningful results. In this case, from
Eqs. (10) and (22) the effective temperature can be cal-
culated as
kTeff = −
8kBT
q + 2d− 4
. (23)
Varying the parameters q and d (q + 2d − 4 6= 0), one
can get a number of modified velocity distribution func-
tions. The results for some sets of parameters are shown
in Table I.
TABLE I. Free parameters q and d with correspondent effec-
tive temperatures
q d kTeff
1 − 7
6
1.5kBT
1
13
−
29
26
1.3kBT
1
2
−
19
12
1.2kBT
0 0 kBT
It can be seen from Fig. 1 and Table I that even small
variations in the momentum distribution function lead
to noticeable changes in the effective temperature and,
hence, in the thermodynamic properties of the system.
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FIG. 1. Model momentum distribution functions. The corre-
sponding sets of parameters are given in Table I.
We have also shown that, for q = d = 0, the mo-
mentum distribution function is a Maxwell function and
the effective temperature is equal to the real thermody-
namic temperature of the system. As a qualitative proof
of the suggested approach, we compare the results with
the existing experiments studying changes in the ther-
modynamic parameters of the liquid systems under irra-
diation. In a number of experimental works devoted to
the studies of the irradiation influence on liquids, changes
in surface tension coefficient are observed for high inten-
sity irradiation [12–15]. At the same time, the measured
temperature of the systems stays stable with variations
FIG. 2. Surface tension coefficient dependence on the irra-
diation time. X-Ray irradiation with the absorbed dose rate
1000 Gy·s−1. Irradiation time τ = 80s. [15]
δT < 1K [15]. The experimental data are presented in
Fig. 2.
Explanations of the phenomenon that exist at present
[12–15] give an explanation of the changes in the surface
tension coefficient under irradiation. At the same time,
they do not provide any general physical picture of the
processes responsible for the changes of the thermody-
namic characteristics of liquids under irradiation. There-
fore, it might be interesting to compare our model with
the existing experimental results. The surface tension
coefficient depends on the permanent structure of the
liquid, and that dependence is given by the well-known
Fowler equation [43]
σ =
π
8
ρ2l
∫ ∞
0
dr12r
4
12u
′(r12)g(r12) (24)
Our model suggests a possible link between the struc-
tural and thermodynamic properties of the liquid systems
under irradiation. To compare the results, we calculate
the effective temperature that can explain the observed
changes in the surface tension coefficients.
The temperature dependence of the surface tension co-
efficient of water is well known and can be found in the
reference data tables [44] (Fig. 3).
To calculate the effective temperature of the water in
the experiment [12–15] it is possible to use the equality
kTeff = kBT0(1 +
∆T
T0
), (25)
where ∆T = T − T0, 0 is the temperature of the sys-
tem before irradiation and is the temperature that cor-
responds to the measured surface tension after the ir-
radiation according to reference data (Fig. 3). In the
experiment, the surface tension coefficient before irradi-
ation is σ0 = 71.2
mN
m
, temperature of the system be-
ing T0 = 303K, while after irradiation it appears to be
σi = 62.7
mN
m
. According to the reference data (Fig. 3),
this value σi corresponds to the temperature T = 353K.
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FIG. 3. Temperature dependence of the surface tension coef-
ficient [44].
Then from Eq. (25) one can easily calculate the effective
temperature:
kTeff ≈ 1.2kBT (26)
Such a value of the effective temperature seems to be rea-
sonable, corresponding to small changes in the momen-
tum distribution function as it can be seen from Table
I and Fig. 1. From the above analysis it can be seen
that the existing experimental works qualitatively con-
firm our approach. Similar results may be obtained from
the analysis of the electroconductivity, linked with the
instant structure in the two-component liquid systems
[45]. At the same time, for a detailed quantitative con-
firmation of the suggested approach, it is necessary to
have some precise data on momentum distribution func-
tion or the structural changes in the liquid systems under
irradiation.
Even though the developed approach is suggested for
ordinary liquids, it seems to be possible to use it also for
studying radiation influence on dense gases and super-
critical state. In that case, further analysis of restrict-
ing to the second order distribution functions as well as
the possibility to factorize them should be done. Such a
statement can be justified by the fact that the method
of Bogolyubov chains is applicable for such systems [46]
and this suggested approach has no restrictions stem-
ming from the properties of the ordinary liquids. It may
be used also for quantifying radiation damage effects in
solids that are intensively studied nowadays [47]; how-
ever, to check its applicability for that case, further stud-
ies are needed. At the same time, it seems that studying
the deviations of the solid structure from the reference
equilibrium state is a more straightforward and easier
way. Therefore, our approach, in its present state, can
be used for studying radiation influence on liquid systems
in the stationary nonequilibrium state.
IV. CONCLUSIONS.
In this paper, a method to calculate the structural and
thermodynamical changes in a liquid systems under irra-
diation, based on the fundamental Bogolyubov chain of
equations, is suggested. Our analysis shows that, even
the inclusion of the second equation of the chain alone,
provides complete description of the thermophysical and
structural changes in the nonequilibrium stationary sys-
tem in the case when the interaction is independent on
the particles’ velocities. We suggest that the main mech-
anism responsible for changes of the system parameters
is contained in the modification of the coefficients of the
momentum distribution function due to momentum ex-
change between active particles and those of the liquid
system. Our approach gives the possibility to derive
equations that relate the modified momentum distribu-
tion function with the distorted pair distribution func-
tion of the nonequilibrium liquid system in the stationary
state.
The proposed approach allows one to introduce a new
characteristic of the nonequilibrium liquid system in the
stationary state under irradiation, namely an effective
temperature. In the general case, that temperature dif-
fers from the real measured temperature and corresponds
to the temperature of the equilibrium system with the
same thermophysical characteristics. It allows us to link
the structural changes and the changes in the momentum
distribution function with the thermophysical properties
of the stationary nonequilibrium system. It allows us
also to recover all the thermophysical properties of such
a system once the effective temperature is known. In the
case of a multicomponent system, several effective tem-
peratures characteristic for the subsystems appear.
A qualitative comparison of the suggested approach
with the existing experimental data on thermophysical
properties of irradiated liquids suggests that our model
is able to explain the observed changes in the surface
tension coefficient.
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